Biopolymers composed of a pH-responsive, hydrophilic poly(methacrylic acid -graftedethylene glycol) (P(MAA-g-EG)) network polymerized in the presence of PMMA nanoparticles were designed for the oral delivery of chemotherapeutics for the treatment of colon cancer. An inulin-doxorubicin conjugate, designed to target the colon and improve doxorubicin efficacy, was loaded into these polymer carriers at an efficiency of 54%. Release studies indicated these polymer carriers minimized conjugate release in low pH conditions and released the conjugate at neutral pH conditions using a two -step pH experiment modeling the stomach and the small intestine. At lower concentration levels, the presence of the polymer carriers did not disrupt tight junctions as determined by transepithelial electrical resistance studies using Caco-2 and HT29-MTX cell lines which are an accurate model of the GI tract epithelia. Permeability values of unmodified doxorubicin and the inulin-doxorubicin conjugate in the presence of the polymer carriers were also determined using the same cell models and ranged from 1.87 -3.80 × 10 −6 cm/ s.
Introduction
Chemotherapy uses chemical structures designed to alter or manipulate DNA to cause disruption in the cell replication process and cell death. Chemotherapy is routinely administered systemically through an intravenous drip and is best used for metastatic cancers. However, for earlier stage cancers which have not metastasized, the use of chemotherapy is limited since cytotoxic effects on healthy tissues outweigh the benefit of using the cytotoxic drug to help eradicate any remaining cancer cells. Therefore, there is a need for new delivery methods and targeting chemotherapeutics which will be more convenient for the patient, reduce side effects to healthy tissues, and may be administered for earlier staged cancers.
New oral delivery methods for chemotherapeutics can be achieved by combining biopolymers which exhibit either pH-responsive or hydrophobic properties [1] [2] [3] [4] [5] [6] [7] . pH-Responsive biopolymers can use the pH shift from the stomach to the upper small intestine as a physiological trigger for releasing encapsulated chemotherapeutics while hydrophobic biopolymers can preferentially associate with the hydrophobic chemotherapeutics to improve loading efficiencies. Oral delivery of chemotherapeutics will give patients more power to control when and where they will receive their treatment and may reduce overall healthcare costs to the patient and to the medical community in general [8] [9] [10] . pHResponsive hydrogels are a class of biopolymers that have been used for oral delivery of therapeutic agents [11] [12] [13] and commonly composed of methacrylic acid, N-isopropyl acrylamide, ethylene glycol dimethacrylate, 2-hydroxy methacrylate, poly(vinyl alcohol), or poly(n-vinyl pyrrolidone) [14] [15] [16] [17] [18] [19] [20] .
By attaching unique chemical molecules directly to chemotherapeutics, a chemotherapeuticconjugate can be developed that targets the tumor or tumor environment. For example, conjugates composed of long polysaccharide chains can be attached to chemotherapeutics for local degradation in the colon for the treatment of colon cancer. These same polysaccharide chains could also enhance the efficacy of the chemotherapeutic since sugars are regularly uptaken into cells due to the energy they provide for cellular function and specific sugar receptors found on the cell surface [21, 22] . Guar gum, pectins, inulin, pullulan, and dextran are several polysaccharides routinely used in conjugation with dextran being the most widely used in the research community [23] [24] [25] .
Synthesized polymer carriers and the development of chemotherapeutic conjugates must also be designed to either reside in the GI tract to directly treat tumors along the GI tract or transport across the GI tract epithelium into the bloodstream to treat other cancers such as in the lung, liver, or breast. The four pathways for transport across the GI tract epithelium include paracellular, passive diffusion, carrier-mediated, and transcytosis. The primary mechanism to enhance permeation is to loosen tight junctions between the epithelial cells and increase paracellular transport. Tight junctions are protein complexes (primarily composed of occluding and claudins) [26] [27] formed between cells which are regulated by a host of intracellular and extracellular signaling. Due to rising costs in pharmaceutical research and final drug approval, the development of model systems which can mimic the characteristics of these tight junctions and assess paracellular transport has been established.
Transepithelial electrical resistance (TEER) measurements which monitor the electrical resistance between cell layers, are routinely used to determine when cell cultures have reached confluency, formed tight junctions, and if the cell layers are compromised when exposed to biological or non-biological substances [28] [29] [30] . TEER values can also be simultaneously measured during transport studies to help determine transport mechanisms of polymer systems and chemotherapeutic conjugates. Caco-2 cells are the most well established and widely used in vitro model for TEER studies [31, 32] . Caco-2 cell monolayers differentiate into columnar absorptive cells, exhibit brush border, and form tight junctions similar to the small intestine epithelial layer [33] and when co-cultured with HT29-MTX goblet cells (mucosal secreting), develop monolayers with cellular properties more similar to native tissue including absorption and electrical resistance [34] .
Previously, we have developed a pH-responsive hydrogel composed of poly(methacrylic acid -grafted -ethylene glycol) (P(MAA-g-EG)) dispersed with hydrophobic poly(methyl methacrylate) (PMMA) nanoparticles for the oral delivery of doxorubicin, a common chemotherapeutic, for the local, direct treatment of colon cancer [35] . We have also previously developed an inulin-doxorubicin conjugate for targeting doxorubicin to the colon and improving the efficacy of doxorubicin by enhancing cellular uptake [36] . Therefore we focused on the investigation of loading and releasing the inulin-doxorubicin conjugate using the P(MAA-g-EG) dispersed with PMMA nanoparticles in this paper. P(MAA-g-EG) based polymer carriers have been used extensively in the past to not only deliver therapeutic agents to the upper small intestine, but also as a way to improve permeation across the GI tract for increased bioavailability [37] [38] [39] [40] . It is proposed that the presence of the PMMA nanoparticles could reduce the permeation effect of P(MAA-g-EG) or determine a concentration level of microparticles that does not elicit permeationenhancing effects. Thus, we are also presenting in this paper the transport properties of doxorubicin and the inulin-doxorubicin conjugate in the presence of the P(MAA-g-EG) and P(MAA-g-EG) containing nanoparticles. These values will then be compared to permeation values previously determined for doxorubicin and the inulin-doxorubicin conjugate with the presence of the P(MAA-g-EG) or P(MAA-g-EG) containing nanoparticles [36] .
Materials and methods

Materials
Inulin from dahlia tubers, solid sodium hydroxide 20 -40 mesh beads (NaOH), chloroacetic acid 99+% A.C.S. grade, phenolphthalein, phenol, Methacrylic acid (MAA), methyl methacrylate (MMA), tetraethylene glycol dimethacrylate (TEGDMA), 1-hydroxycyclohexyl phenyl ketone (Irgacure ® 184), ammonium persulfate (APS), and dimethyl sulfoxide (DMSO) were purchased from Sigma -Aldrich (St. Louis, MO). Glacial acetic acid, anhydrous methanol, nitric acid, acetone, 1N hydrochloric acid, 10× phosphate buffer solution, sulfuric acid, and ethanol were purchased from Fisher Scientific (Fair Lawn, NJ). N-Hydroxysulfosuccinimide (sulfo-NHS) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) were from ThermoScientific (Rockford, IL). Poly(ethylene glycol) monomethyl ether monomethacrylate (PEGMMA; 1000 g/mol) was from Polysciences Inc. (Warrington, PA). Hanks' Balanced Salt Solution was from SAFC Biosciences (Lenexa, Kansas). Doxorubicin was purchased from Selleck Chemicals (Houston, TX). Caco-2 cells were obtained from American Type Culture Collection (ATCC, Rockwell, MD) and HT29-MTX cells were a gift from Dr. Thecla Lesuffleur, INSERM, Paris, France. All chemicals were used as received except for MAA which was vacuum distilled at 54 °C and 25 mm Hg prior to use to remove the inhibitor hydroquinone. Double distilled water was used in all studies.
Synthesis of P(MAA-g-EG) hydrogels dispersed with PMMA
P(MAA-g-EG) hydrogels dispersed with PMMA nanoparticles were previously synthesized and discussed in detail [2] . Briefly, PMMA nanoparticles were formed by placing MMA, TEGDMA, and APS in water and reacting for 3 hr at 75 °C. The nanoparticles were then dialyzed and freeze dried. Then MAA, PEGMMA, TEGDMA, Irgacure ® 184, and dry PMMA nanoparticles were dissolved in ethanol and water. The solution was sonicated, purged with N 2 , placed between glass slides, and exposed to UV light. The P(MAA-g-EG) film containing nanoparticles were purified and dried. P(MAA-g-EG) hydrogels dispersed with 5 wt% PMMA nanoparticles will be identified as P(MAA-g-EG)-5.0NP henceforth.
Synthesis of inulin-doxorubicin conjugate
An inulin-doxorubicin conjugate was previously synthesized and discussed in detail [36] . Briefly, inulin, chloroacetic acid, sodium hydroxide, and water were added in a round bottom flask and reacted for 2 hr at 60 °C to form carboxylated inulin [41] . The carboxylated inulin was recovered by precipitation in methanol, dried, and the degree of substitution determined by acidimetric titration. Then EDC, NHS, carboxylated inulin, and water were mixed for 1 hr, and then doxorubicin added and mixed for an additional 2 hr. The final product was dialyzed and freeze dried. The amount of inulin and doxorubicin was 0.926 mg and 0.462 μg per mg of inulin-doxorubicin conjugate, respectively.
Loading of inulin-doxorubicin conjugate P(MAA-g-EG) dispersed with PMMA nanoparticles
The inulin-doxorubicin conjugate was loaded by equilibrium partitioning in the following manner: a stock solution of inulin-doxorubicin conjugate was prepared in 1× PBS (pH 7.4) at a concentration of 0.25 mg/mL. A 5 mg/mL concentration of P(MAA-g-EG)-5.0NP (75 -150 μm) to inulin-doxorubicin conjugate stock solution was allowed to stir slowly for 2 hr. The inulin-doxorubicin conjugate loaded particles were filtered and rinsed with water to remove any surface absorbed doxorubicin. The UV/VIS spectrometer operating at a 485 nm excitation and 590 nm emission wavelengths, determined the concentration levels and calculated the loading efficiency as follows: (1) where C o is the initial inulin-doxorubicin conjugate concentration and C f is the final inulindoxorubicin conjugate concentration remaining in the solution.
Inulin-doxorubicin conjugate release from P(MAA-g-EG) dispersed with PMMA nanoparticles
Release experiments were performed on a rotary mixer (Glas-Col, Terre Haute, IN) operating at 15 rpm and placed in a 37 °C oven. A 1.5 mg sample of inulin-doxorubicin conjugate loaded P(MAA-g-EG)-5.0NP was added to 3 mL of 1× PBS (pH 2.0 or 7.4). For inulin-doxorubicin conjugate release in neutral pH, 1× PBS (pH 7.4) was used and over the duration of 6 hr, samples were taken and replaced to maintain sink conditions. Inulindoxorubicin conjugate release in low pH was conducted in the same manner as neutral pH except 1× PBS was adjusted to a pH of 2.0 using 1N HCl.
A two-step pH change from low pH (2.0) to high pH (7.0) was used to model the physiological conditions and residence time of the stomach and small intestine [42, 43] . Inulin-doxorubicin conjugate loaded microparticles were first placed in 1× PBS at pH 2.0. After 90 min, 5N NaOH was added to increase the pH to 7.0 where release continued for 6 hr. Samples were obtained as above. The mass of inulin-doxorubicin conjugate released was determined by the fluorescent plate reader and reported as follows: (2) where M t is mass released at a given time and M 8 is total mass released.
Caco-2 and HT29-MTX Transwell ® co-culture
All experiments used co-cultures of Caco-2 and HT29-MTX cells plated on 12 -well Costar Transwell ® plates (Corning, Corning, NY) with a 0.4 μm porous membrane. Caco-2 and HT29-MTX cells were grown in Dulbecco's Modified Eagle's Medium (Sigma-Aldrich) in separate T-75 flasks in 5% CO 2 and thermostated to 37 °C. After subculturing, cells were counted and mixed together in a 1:1 ratio before seeding onto the Transwell ® plate at a density of 1.0 × 10 5 cells/cm 2 and cultured for 21 -24 days with media replaced every other day.
Transepithelial electrical resistance (TEER) studies
Through tight junctions, epithelial cells form a sealed layer of cells which separate the apical and basolateral side of the GI tract lumen. This separation develops a polarity above and below the epithelial cell layer and can be correlated to transepithelial electrical resistance (TEER) measurements which monitor the electrical resistance between cell layers. A chopstick electrode is often used in combination with specialized cell culture dishes (Transwell ® ) which allow cells to grow on a porous surface with cell media above and below the cell layer. Using a chopstick electrode, the TEER values can be determine by placing one tip of the electrode in the basolateral side and the other electrode in the apical side.
TEER measurements were taken every other day and monitored the development of tight junction in the Transwell ® cultures. TEER measurements were taken using a chopstick electrode and an EVOM epithelial volt-ohm meter (World Precision Instruments, Sarasota, FL). Resistance of the cell monolayer, R cell , was computed using equation 3: (3) where R t is the resistance at each time point and R 0 is the resistance due to the membrane and media without cells. R cell values were multiplied by the growth area (1 cm 2 ) of the Transwell ® to report TEER values as a unit area resistance and allowing comparison to other experiments which utilized different size Transwell ® plates.
TEER experiments using P(MAA-g-EG) and P(MAA-g-EG)-5.0NP microparticles (75 -150 μm) of different concentrations were conducted in order to determine the effect of the microparticles on tight junctions. 12 -well Transwell ® plates were used with co-cultures of Caco-2 and HT29-MTX cells grown for 21 -24 days or until TEER values reached constant values. The cell media was removed, the cells rinsed with HBSS three times, and finally incubated in HBSS for 1 hr. The apical HBSS was then removed and replaced with 5 mg/mL or 20 mg/mL of P(MAA-g-EG) or P(MAA-g-EG)-5.0NP microparticles in HBSS which were pre-swollen for 24 hr and pre-warmed to 37 °C. Control cells contained HBSS without microparticles. TEER values were monitored every 15 min for 3 hr. All measurements were completed on Transwell ® plates placed on a heating mat to maintain a temperature of 37 °C.
Unmodified doxorubicin and inulin-doxorubicin conjugate transport studies
The transport properties of unmodified doxorubicin and the inulin-doxorubicin conjugate were previously determined without the presence of P(MAA-g-EG) or P(MAA-g-EG) containing nanoparticles [36] . This paper focuses on determining the effect that P(MAA-g-EG) and P(MAA-g-EG)-5.0NP microparticles (75 -150 μm) will have on transport properties using the porous Transwell ® plates. 12 -well Transwell ® plate were seeded and prepped as discussed above. The apical HBSS was then removed and replaced with 5 mg/ mL of P(MAA-g-EG) or P(MAA-g-EG)-5.0NP microparticles in HBSS plus 25 μg/mL of doxorubicin or inulin-doxorubicin conjugates in HBSS. Microparticles were pre-swollen for 24 hr.
After adding the doxorubicin or the conjugate plus microparticles, 100 μL samples were taken from each basolateral well at 0, 0.5, 1, 2, and 3 hr time points. Samples were replaced with 100 μL of HBSS warmed to 37°C to maintain sink conditions. Doxorubicin or conjugate transport across the cell monolayer was determined by UV/VIS spectrometry (Biotek Synergy-HT, Winooski, VT) operating at 485 nm excitation and 590 nm emission.
The apparent drug permeability coefficient, P app , was calculated using equation 4: (4) Here dQ/dt is the steady-state flux of doxorubicin or inulin-doxorubicin conjugate across the cell monolayer. This value was calculated from the slope of doxorubicin or inulindoxorubicin conjugate transported to the basolateral chamber versus time. C 0 is the initial concentration of doxorubicin or inulin-doxorubicin (25 μg/mL) added to the apical chamber and term A is the surface area of the membrane (1 cm 2 ).
Results and discussion
P(MAA-g-EG) hydrogels polymerized in the presence of PMMA nanoparticles were formed as amphiphilic polymer carriers for the oral delivery of chemotherapeutic agents. It was previously determined these materials were capable of loading and releasing doxorubicin [35] . and has now been extended to an inulin-doxorubicin conjugate. The inulin-doxorubicin conjugate may prove useful in new cancer treatments because it has enhanced the effectiveness of doxorubicin against various colon tumor cell models.
Loading of inulin-doxorubicin conjugate P(MAA-g-EG) dispersed with PMMA nanoparticles
The inulin-doxorubicin conjugate was loaded into P(MAA-g-EG)-5.0NP microparticles by equilibrium partitioning and the loading efficiency was determined to be 54 ± 2.0%. The weight percent loading, defined as the mg of inulin-doxorubicin conjugate per mg of P(MAA-g-EG)-5.0NP polymer, was 2.6%. These values are reduced as compared to the loading efficiency of unmodified doxorubicin in P(MAA-g-EG)-5.0NP which was 64 ± 1% and the weight percentage of 3.1%. [35] . The reduced loading efficiency is due to the physical increase in size due to the presence of inulin which prevents the inulin-doxorubicin conjugate to migrate and penetrate the smaller porous network of the swollen P(MAA-g-EG)-5.0NP polymer that unmodified doxorubicin can get to.
Inulin-doxorubicin conjugate release from P(MAA-g-EG) dispersed with PMMA nanoparticles
Inulin-doxorubicin conjugate loaded P(MAA-g-EG)-5.0NP particles slowly swelled and released their contents as indicated by the red tint of the solution. In neutral pH, maximum release occurred after 2 hr with over 90% of inulin-doxorubicin conjugate released from P(MAA-g-EG)-5.0NP ( Figure 1 ) and was expected since the pH is greater than the pKa value of MAA allowing the polymer carrier to swell and release its contents quickly [44] [45] [46] [47] The two -step pH experiment modeled the gastrointestinal pH conditions of the stomach and upper small intestine. P(MAA-g-EG)-5.0NP released approximately 23% of the inulindoxorubicin conjugate in the low pH conditions (Figure 2 ). After the pH was increased from 2.0 to 7.0, the remaining amount of the inulin-doxorubicin conjugate loaded in the P(MAAg-EG)-5.0NP polymer carrier was slowly released over 6 hr ( Figure 2 ) with 98% released after 2 hr.
Release studies were extended to 2 hr in low pH conditions to model longer residency times in the stomach. P(MAA-g-EG)-5.0NP released 27% of the inulin-doxorubicin conjugate after 2 hr in the low pH conditions (Figure 3 ). This is a small increase as compared to the 23% released at 1.5 hr in the low pH conditions of the two -step pH study. These values are still low and indicate that a majority of the encapsulated conjugate will be delivered to the upper small intestine.
Transepithelial electrical resistance (TEER) studies
Co-culture of Caco-2 and HT29-MTX cells were grown on 12 -well Transwell® plates and their TEER measurements recorded for 21 -24 days. Measured TEER values (350 -450 Ω * cm 2 ) were slightly higher than those previously published in our laboratory [47] [48] [49] [50] and human small intestinal epithelia (50 -100 Ω * cm 2 ) [51, 52] Increased TEER values can be contributed to cell passage numbers, growth media, seeding density, and inherent variability due to the chopstick and EVOM volt-ohm meter.
The co-cultures were exposed to P(MAA-g-EG) and P(MAA-g-EG)-5.0NP microparticles (75 -150 μm) at a concentration of 5 mg/mL and 20 mg/mL in HBSS for 3 hr. The 5 mg/ mL concentration of microparticles experiment illustrated no significant drop in resistance across the monolayer as compared to the control wells (Figure 4 ). However, with the 20 mg/ mL concentration level, a decrease in TEER values was observed as compared to the controls ( Figure 5 ). Decrease in TEER values in the presence of P(MAA-g-EG) particles has been discussed by Madsen and Peppas [53] as well as Ichikawa and Peppas [29] . In each paper, P(MAA-g-EG) chelated Ca 2+ in the apical side and caused an increase of Ca 2+ flux from the basolateral to apical direction to maintain homeostasis. At low concentration levels (5 mg/mL), P(MAA-g-EG) and P(MAA-g-EG)-5.0NP may not chelate Ca 2+ in amounts necessary to drive Ca 2+ in the basolateral side to the apical side through the tight junctions. With the increased concentration (20 mg/mL) of P(MAA-g-EG) and P(MAA-g-EG)-5.0NP enough Ca 2+ was chelated to drive Ca 2+ flux through the opening of tight junctions. Since HT29-MTX were present in the cell culture, the development of a mucosal layer could have also influenced TEER values by increasing the distance between microparticles and the cell monolayer. With the 5 mg/mL, the mucus layer resisted microparticles penetration, but with 20 mg/mL the mucus layer could have been saturated with microparticles and failed to keep the polymer carriers away from the cell monolayer. There was no variability in TEER values between P(MAA-g-EG) and P(MAA-g-EG) containing nanoparticles indicating PMMA nanoparticles play no role in permeation enhancement or resistance.
Unmodified doxorubicin and inulin-doxorubicin conjugate transport studies
Unmodified doxorubicin and conjugate transport studies were completed to determine the transport properties with the presence of microparticles. 12 -well Transwell ® plates containing the co-culture of Caco-2 and HT29-MTX cell lines were exposed to 5 mg/mL of P(MAA-g-EG)or P(MAA-g-EG)-5.0NP in HBSS plus 25 μg/mL of unmodified doxorubicin or the conjugate for 3 hr.
The analysis of transport of unmodified doxorubicin or the inulin-doxorubicin conjugate was based on calculations using equation 3 to determine the apparent permeability, P app . The apparent permeability of unmodified doxorubicin with and without P(MAA-g-EG) or P(MAA-g-EG)-5.0NP microparticles is shown in Table 1 . Unmodified doxorubicin permeability (4.5 × 10 −6 cm/s) was calculated as slightly higher than P(MAA-g-EG) (3.8 × 10 −6 cm/s) and P(MAA-g-EG)-5.0NP (3.26 × 10 −6 cm/s), but was not significant (Figure 6 ). TEER values were also monitored during the experiment and demonstrated no decrease in value as compared to the control cells. Since TEER values were unchanged, the tight junctions were not compromised and permeability of unmodified doxorubicin primarily occurred transcellularly. It is not surprising that the tight junctions were not opened due to the presence of microparticles because it was demonstrated that concentrations of 5 mg/mL of microparticles did not decrease TEER values (Figure 4) . The small decrease in permeability values in the presence of microparticles could be due to the microparticles absorbing a small amount of doxorubicin into its polymer structure and thus reducing the doxorubicin concentration present in the apical side of the Transwell ® .
The apparent permeability of the conjugate and the conjugate in the presence of P(MAA-g-EG) or P(MAA-g-EG)-5.0NP is shown in Table 2 and demonstrated similar trends seen with unmodified doxorubicin. The conjugate's permeability (2.6 × 10 −6 cm/s) was calculated as slightly higher than with P(MAA-g-EG) (1.9 × 10 −6 cm/s) and P(MAA-g-EG)-5.0NP (1.8 × 10 −6 cm/s), but was not significant (Figure 7) . Again TEER values were monitored and demonstrated no decrease in values as compared to control cells. Thus, tight junctions were not compromised and transport of the conjugate from the apical to basolateral side was primarily transcellular. Reduced permeability values of the conjugate in the presence of microparticles was due to the microparticles absorbing the conjugate into or on its polymer structure and thus reducing the conjugate concentration on the apical side of the Transwell ® .
Permeability values have been determined for doxorubicin using Caco-2 cell monolayers only and determined to be 2.8 × 10 −5 cm/s or 2.9 × 10 −5 cm/s in HBSS or with fasted state simulated intestinal fluids (FaSSIF), respectively [54] . Our permeability values are slightly lower than these and can be contributed to the mucus layer secreted by the HT29-MTX cells. Doxorubicin permeability values have also been determined for leukemia cells ( 
Conclusions
Amphiphilic polymers composed of pH-responsive P(MAA-g-EG) and hydrophobic PMMA nanoparticles has been synthesized and demonstrated their potential to load and release an inulin-doxorubicin conjugate. Overall, it appears that the size of the inulin-doxorubicin conjugate plays a leading role in its loading and release profiles as compared to unmodified doxorubicin. For loading, the smaller doxorubicin molecule can more easily penetrate smaller pores of the swollen P(MAA-g-EG)-5.0NP polymer carrier resulting in high loading levels (64%) [35] as compared to the conjugate (54%). However, due to its small nature, unmodified doxorubicin release in low pH conditions in both the two -step pH experiment (27%) and 2 hr low pH experiment (33%) [35] was higher than the inulin-doxorubicin conjugate (23% and 27%, respectively). The loading and release profiles of the inulindoxorubicin conjugate from the P(MAA-g-EG)-5.0NP prove that this polymer drug carrier can be utilized to deliver colon targeted cancer drugs via the oral route. P(MAA-g-EG) and P(MAA-g-EG)-5.0NP microparticles can serve as polymer carriers for colon drug delivery if their concentration is kept at or below 5 mg/mL. At 5 mg/mL, the microparticles do not cause TEER values to decrease and indicated that tight junctions remained closed which is favorable for local, direct delivery of chemotherapeutics to the colon. If tight junctions were compromised or open, unmodified doxorubicin or inulindoxorubicin conjugate could significantly be transported across the GI tract into the bloodstream and reduce the amount necessary to achieve therapeutic effects against colon cancer. Concentrations of 20 mg/mL of P(MAA-g-EG) or P(MAA-g-EG)-5.0NP did decrease TEER values indicating the compromise of tight junctions.
Unmodified doxorubicin and inulin-doxorubicin conjugate permeability values were previously determined without the presence of microparticles [36] and now compared to permeability values with the presence of microparticles as completed in this paper. With the microparticles present, the permeability values were slightly decreased, but not significant and maybe due to the absorption of small amounts of doxorubicin or the conjugate into or on the polymer structure. Since the molecular weight of unmodified doxorubicin (543 g/mol) is smaller than the inulin-doxorubicin conjugate (~2000 -2500 g/mol) the higher permeability values of unmodified doxorubicin is expected since it can more readily penetrate the mucosal layer.
Lastly, the measured P app values for unmodified doxorubicin and the inulin-doxorubicin conjugate were on the order of 10 −6 cm/s and were in the range of P app values previously published using different human cells or cell models. A co-culture of Caco-2 and HT29-MTX were plated on Transwell ® plates and grown for 21 -24 days. Cells were incubated with 5 mg/mL P(MAA-g-EG) ( ) or P(MAA-g-EG)-5.0NP (◆) microparticles plus 25 μg/mL of unmodified doxorubicin. Transport properties of unmodified doxorubicin (○) was previously completed and added to these graphs for comparative purposes [36] . n = 4 -6 ± SD
